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Animals, Materials and Methods: Dogs affected by different stages of MMVD were
prospectively enrolled in the present study. The RPV/RPA was measured at their
maximum and minimum diameters, at the QRS and at the end of the T wave. The
RPV and RPA measurements were indexed to the Ao.

Results: The study included 58 dogs in stage B1, 38 in stage B2 and 59 in stage C.
The RPV/RPA at the end of the T wave and at the maximum diameter detected dogs
in stage C with a sensitivity of 96.6% and 94.9% and a specificity of 36.8% and 39.4%,
respectively. The RPV at the end of the T wave-to-Ao ratio >1.07 presented the
highest accuracy in identifying stage C dogs (sensitivity of 83.1%, and specificity
of 71.1%).

Study Limitations: Potential misclassification of pulmonary hypertension and post-
treatment evaluation could have introduced a measurement bias affecting diagnos-
tic accuracy.

Conclusions: The RPV/RPA presented a low diagnostic accuracy in detecting stage C
MMVD dogs, but RPV at the end of the T wave-to-Ao ratio, presented a higher diag-
nostic accuracy, which was not superior to left-atrial-to-aortic ratio.

© 2026 The Authors. Published by Elsevier B.V. This is an open access article under
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Introduction

Myxomatous mitral valve disease (MMVD) is the
most commonly acquired heart disease in dogs
[1,2]. Approximately 20% of small-breed dogs with
MMVD develop left-sided congestive heart failure
(CHF), and dogs with CHF often develop pulmonary
hypertension (PH) due to chronic increase of the
pulmonary venous pressure (postcapillary PH)
[3—5]. Timely recognition of CHF or prediction of
its imminent onset allows clinicians to start
treatment as soon as possible, reducing the risk of
life-threatening consequences. Diagnosis of CHF
involves integrating findings from history, physical
examination, thoracic radiography, echocardiog-
raphy, and measurement of cardiac biomarkers
[6]. Various echocardiographic parameters have
been proposed as indices of increased left atrial
(LA) and left ventricular (LV) filling pressure to
diagnose CHF in dogs with MMVD [7—10]. Among
the echocardiographic indices, two groups of
investigators proposed that the right pulmonary
vein-to-right pulmonary artery (RPV/RPA) ratio
could help differentiate symptomatic dogs from
dogs with subclinical MMVD [9,11]. These inves-
tigators measured right pulmonary vein (RPV) and
right pulmonary artery (RPA) using electrocardio-
gram-based timing (at the end of the T wave) in
dogs with distinctive differences in the level of
severity of MMVD between the two groups. In the
study by Merveille et al., LA size and RPV/RPA
performed equally well in differentiating these
two groups, with no overlap of the quartiles of
dogs with CHF and dogs with subclinical MMVD. To
further the understanding of the utility of RPV/RPA
in identifying dogs with CHF requires a comparison
of dogs with similar echocardiographic changes in
LA and LV sizes. Moreover, RPA increases in dogs
with PH and this might influence the RPV/RPA
ratio. However, none of the aforementioned
studies [9,11] investigated the role on the diag-
nostic accuracy of RPV/RPA in detecting MMVD
dogs with CHF.

We previously described a detailed method of
measurement of RPV/RPA in healthy dogs at dif-
ferent points of the cardiac cycle, using either
electrocardiogram-based timing or mechanical
timing (visual identification of the maximum and
minimum diameters of the vessels) [12]. We pro-
vided the reference range for RPV/RPA ratio, RPV
index to the aortic root (Ao), and RPA/Ao, and we
found that RPV and RPA, independently from the
method, are approximately equal in diameter in
healthy dogs [12]. Moreover, our group demon-
strated that RPV/RPA helps to diagnose CHF in cats

and that RPV/RPA obtained by measuring the ves-
sels at their minimum diameter provided the
highest accuracy at discriminating cats with clin-
ical or subclinical disease, better than the left
atrial-to-aortic ratio (LA:Ao) [13].

Therefore, to address the aforementioned con-
cerns about the usefulness of RPV/RPA in detecting
MMVD dogs with CHF, we examined a large pop-
ulation of dogs with MMVD, with or without
CHF and with or without PH. The hypothesis of this
study was that RPV and RPA indices and right pul-
monary vein/aortic root (RPV/Ao) measurements,
obtained in different phases of the cardiac cycle,
help identify dogs with CHF; however, they might
perform differently depending on the time points
in which the vessels are measured.

Animals, materials, and methods

We prospectively enrolled dogs affected by MMVD
from different veterinary centers. We diagnosed
MMVD based on the presence of a left apical sys-
tolic murmur and echocardiographic evidence of
mitral valve degeneration such as thickening and
prolapse of the valve leaflets, together with a
systolic regurgitant flow [14]. Dogs were divided
into different MMVD stages based on a modified
American College of Veterinary Internal Medicine
(ACVIM) classification, as detailed as follows [6].
Stage B1 included asymptomatic dogs without
echocardiographic evidence of cardiac remodel-
ing. Stage B2 included asymptomatic dogs with
echocardiographic evidence of cardiac remodeling
based on LA and LV enlargement [6,15,16]. Stage C
included stable dogs that had cardiogenic pulmo-
nary edema (left-sided CHF), diagnosed by phys-
ical examination findings of tachypnea, dyspnea, a
loud systolic apical murmur, evidence of pulmo-
nary edema and cardiomegaly on thoracic radio-
graphs, supported by ultrasonographic findings
and, ultimately, a positive response to diuretic
therapy. Pregnant females, dogs with cardiac dis-
eases other than MMVD, persistent arrhythmia, or
clinically relevant systemic condition were exclu-
ded.

Echocardiography

Echocardiography was performed in unsedated
dogs, restrained in right lateral and left lateral
recumbency, and imaged with the probe posi-
tioned on the thorax through a fenestrated echo-
cardiographic table and with simultaneous
electrocardiographic monitoring. Because all dogs
were presenting for cardiologic evaluation of a
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heart murmur or to investigate symptom referable
to a cardiovascular disease, no additional stress
was imposed on the dog to obtain the images used
in this study; therefore, no institutional animal use
approval or client consent was sought. Moreover,
in order to minimize the stress in symptomatic
dogs, dogs underwent echocardiographic exami-
nation after their stabilization in the intensive
care unit and after the complete resolution of
cardiogenic pulmonary edema.

Left atrial enlargement was defined as a LA:Ao
>1.7 measured from the right parasternal short-
axis view at the level of heart base at end-systole,
on the first frame after Ao valve closure [15,17].
Left ventricular end-diastolic diameter was meas-
ured in M-mode from the LV right parasternal
short-axis view at the level of chordae tendineae
[18]. Left ventricular enlargement was defined as a
left ventricular internal diastolic dimension nor-
malized for body weight (LVIDDn) >1.61, using a
scaling exponent of 0.33 [16].

To assess the accuracy of RPV/RPA indices in
discriminating stabilized symptomatic dogs from
subclinical dogs with a similar degree of car-
diomegaly, we further created two subgroups of
dogs: group B2’ and group C’. Because dogs with
MMVD can have non-parallel changes in atrial and
ventricular enlargement (where, in some cases,
one chamber increases substantially more than
the other), and because the LA:Ao and LVIDDn
scale similarly (mostly ranging from 1.0 to 2.5),
we obtained the sum of LA:Ao and LVIDDn
(LA:Ao + LVIDDn) to provide a unitless severity
score. The lower limit of LA:Ao + LVIDDn for the
C’ groups was created by eliminating dogs in
stages B2 and C, in which the summed
score (LA:Ao + LVIDDn) was below the upper
limit observed in B1 dogs (sum score <3.7; we
assumed that in stage C, such dogs with CHF had
an acute chordal rupture without time for
remodeling). We then examined the largest
summed value in the B2 group and set this as the
upper limit for both the B2’ and C’ groups. Con-
sequently, the lower and upper limits for both the
B2’ and C’ groups were 3.7 and 5.0, respectively,
providing us with somewhat similar and largely
overlapping groups based on echocardiographic
severity.

Spectral Doppler examination included the
evaluation of the mitral inflow and of the aortic
and pulmonic maximal peak velocities. The tri-
cuspid valve was evaluated for the presence of
tricuspid regurgitation (TR), and dogs were con-
sidered to have PH when they presented a TR peak
velocity >3.4 m/s [19].

Right pulmonary vein and right pulmonary
artery echocardiographic measurements

Right pulmonary vein and RPA were visualized
using a right parasternal long-axis view by moving
the transducer apically and angling it dorsocra-
nially, allowing the scan sector to highlight the
heart base, as previously described [12]. Two-
dimensionally guided M-mode images were
obtained with a sampling frequency of 1000 Hz
with the fastest possible sweep speed that showed
at least three consecutive cardiac cycles. From the
modified right parasternal long-axis view, the M-
mode cursor was positioned perpendicularly to the
long axis of the RPV ostium, where the venous
walls were reasonably parallel and bisected the
RPA in its transverse view through its maximal
diameter [12]. The RPV and RPA were measured,
using a blood-tissue interface method, from the M-
mode trace using two methods: electrical timing
and mechanical timing [12] (Fig. 1). For electri-
cally timed measurements, we measured RPV and
RPA at the peak of the R wave (right pulmonary
vein at the QRS and right pulmonary artery at the
QRS [RPAQgs]) and at the end of the T wave (right
pulmonary vein at the T wave [RPV:] and right
pulmonary artery at the T wave [RPA;]), corre-
sponding to the isovolumic contraction phase and
end-systole, respectively. For mechanically timed
measurements, we measured RPV and RPA at their
visually assessed maximal (right pulmonary vein
maximum diameter [RPVuax] and right pulmonary
artery maximum diameter [RPAyax]) and minimal
(right pulmonary vein minimum diameter [RPVy]
and right pulmonary artery minimum diameter
[RPAMmiN]) diameters. The RPVyax and RPAyax cor-
respond approximately to the beginning and to the
end of the systole, respectively, whereas the
RPVmin and RPAy N generally happened at the end
of diastole (Fig. 1).

From these measurements, we calculated dif-
ferent indices and evaluated them in different
stages of MMVD. From the electrically and
mechanically timed measurements, we obtained
different RPV and RPA ratios: right pulmonary vein
to pulmonary artery ratio measured at the peak of
the QRS RPVT/RPAT, RPVMA)(/RPAMA)(, and RPVM|N/
RPAmin. Moreover, we indexed each RPV and RPA
value to the Ao measurement obtaining the unit-
less ratios: right pulmonary vein measured at the
peak of the QRS-to-aorta ratio, right pulmonary
vein measured at the end of the T wave-to-aorta
ratio (RPVy/Ao, RPVuax/Ao, RPVyn/Ao, right
pulmonary artery measured at the peak of the
QRS-to-aorta ratio [RPAqrs/Ao0], RPAr/Ao), right
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Figure 1  Monodimensional trace of right pulmonary vein and right pulmonary artery of a dog affected by mitral

valve disease stage B2. Vessels are measured using the electrical timing (A) and the mechanical timing (B) methods.
Yellow and red lines highlight diastolic and systolic diameters, respectively. RPA: right pulmonary artery; RPV: right

pulmonary vein.

pulmonary vein measured at its maximum-to-aorta
ratio, and right pulmonary vein measured at its
minimum-to-aorta ratio. Aorta was measured from
the right parasternal short-axis view, as previously
described for LA:Ao [15,17]. Finally, the dis-
tensibility index of the two vessels was calculated
as follows:

corrections to account for the experiment-wise
error rate by setting the alpha at 0.005.

The diagnostic accuracy of the echocardio-
graphic variables in detecting MMVD dogs with CHF
was performed using the receiver operating curve
analysis. The area under the receiver operating
characteristic curve (AUC) was used as a summary

RPVdistensibilityindex : [(RPVyax — RPVyn)/RPViax] x 100
RPAdistensibilityindex : [(RPAyax — RPAwn)/RPAwax] x 100

Statistical analysis

Statistical analysis was performed using a com-
mercial software’. Continuous data were visually
inspected using a dot plot and tested for normality
using a Shapiro-Wilk test, and descriptive statistics
were generated. A non-parametric KruskalWallis
test was assessed to analyze the differences
between all the echocardiographic variables
among groups, with correction for the experiment-
wise error rate by setting the alpha at 0.005, and a
Bonferroni-corrected Dunn’s test was used for the
post hoc comparison between groups where the
Kruskal-Wallis test indicated differences. For a
comparison of the different echocardiographic
variables between groups B2’ and C’, we per-
formed Mann-Whitney U tests with Bonferroni

! GraphPad Prism 5, GraphPad Software Inc, San Diego, Cal-
ifornia, USA.

measure for diagnostic accuracy and is reported
with 95% confidence intervals. Diagnostic cutoffs
for each variable were chosen on the basis of the
highest of various combinations of sensitivity and
specificity using Youden’s index (Y =
Sensitivity + Specificity — 1). Receiver operating
curve analysis was performed comparing B2 versus
C group and B2’ versus C’ group. Moreover, we
performed a post hoc analysis in order to increase
the specificity of tests to detect stage C dogs. In
particular, we performed serial testing where both
tests needed to yield a positive result to be con-
sidered positive, while a negative test result for
either test was considered negative. Sensitivity of
the serial test was calculated as follows: Test A
sensitivity * Test B sensitivity. Specificity of the
serial test was calculated as follows: 1-([1-test A
specificity] * [1-test B specificity]) [20].

In order to investigate the influence of PH on
the accuracy of RPV/RPA indices in detecting dogs
with CHF, we performed an additional receiver



Pulmonary vein to pulmonary artery ratio in dogs with mitral valve disease 19

operating characteristic curve analysis eliminating
dogs with a TR peak velocity >3.4 m/s.

A P<0.05 was considered statistically sig-
nificant.

Ethics statement

Because all dogs were presenting for cardiologic
evaluation of a heart murmur or to investigate
symptom referable to a cardiovascular disease, no
additional stress was imposed on the dog to obtain
the images used in this study; therefore, no insti-
tutional animal use approval or client consent was
sought.

Results

We enrolled 155 dogs: 58 in ACVIM stage B1, 38 in
ACVIM stage B2, and 59 in ACVIM stage C. Eighty-
four (54.2%) dogs were male and 71 (45.8%) were
female, with a median age of 11 years (range,
4—17 years) and a median weight of 8.3 kg (range,
1.4—15.0 kg) (Table 1). A total of 28 of 155 dogs

(18%) presented PH: 0 of 58 dogs (0%) in B1, one of
38 dogs (2.6%) in B2, and 27 of 59 dogs (45.7%) in C
groups (Table 1).

The following RPV indices increased with
increasing severity (based on ACVIM classi-
fication), with each disease stage being different
from the others: RPV+/RPAg, RPVMA)(/RPAMAX,
RPVpax/Ao, RPVyn/Ao, right pulmonary vein
measured at the peak of the QRS-to-aorta ratio,
and RPVy/Ao (P<0.001 for all variables; Table 1)
(Fig. 2). On the other hand, RPVyn/RPAwN and
right pulmonary vein-to-pulmonary artery ratio
measured at the peak of the QRS in groups B2 and
C were larger than in group B1 (P<0.001, Table 1)
but were not different from each other (P=0.1 for
both variables; Fig. 2). The following RPA indices
differed between groups: right pulmonary vein
measured at its maximum-to-aorta ratio and right
pulmonary vein measured at its minimum-to-
aorta ratio were larger in group C than in group B1
(P<0.001) but not in group B2 (P=0.24 and
P=0.36, respectively). On the other hand, RPAqrs/

Table 1 Echocardiographic variables for 155 dogs belonging to different American College of Veterinary Internal

Medicine (ACVIM) mitral valve disease classes.

Variables Stage B1 (n = 66) Stage B2 (n = 30) Stage C (n = 59) P value
Age (years) 11.0 (7.0—13.0)2 10.0 (9.0—12.0)>° 12.0 (10.0—14.0)° 0.012
Body weight (kg) 9.8 (5.9-10.6) 7.75 (5.47—10.0) 8.3 (5.8-10) 0.245
LA:Ao 1.46 (1.34—1.56)2 2.04 (1.88—2.23)° 2.44 (2.17-2.74)° <0.001
LVIDDn 1.4 (1.34—1.56)2 1.83 (1.70—-2.0)° 2.0 (1.87-2.13)° <0.001
RPVyax/ RPAmax 1.37 (1.0-1.67)? 2.0 (1.50—2.67)° 2.36 (1.9-3.1)° <0.001
RPViun/RPAwN 1.13 (0.94—1.36)? 1.74 (1.24—2.42)° 2.1 (1.62—2.86)° <0.001
RPV:/RPAT 1.22 (0.94—1.66)° 2.07 (1.52-2.8)° 2.64 (2.1-3.55)¢ <0.001
RPVqrs/RPAgRs 1 14 (0.98—1.43)2 1.84 (1.46—2.51)° 2.18 (1.69—2.75)° <0.001
RPViax/Ao .60 (0.51—0.80)7 1.0 (0.79—1.27)° 1.3 (1.14—1.62)° <0.001
RPVjun/Ao o 32 (0.27-0.41)® 0.53 (0.42—0.61)° 0.76 (0.58—0.97)° <0.001
RPV:/Ao 0.53 (0.42—0.71)2 0.96 (0.77—1.18)° 1.29 (1.13—1.52)° <0.001
RPVqrs/Ao 0.39 (0.33-0.45)? 0.52 (0.50—0.78)° 0.89 (0.72—1.15)° <0.001
RPAwax/Ao 0.47 (0.42—0.52)° 0.51 (0.45—0.56)>° 0.55 (0.49-0.62)° <0.001
RPAyN/AO 0.29 (0.25-0.33)? 0.32 (0.26—0.38)*P 0.35 (0.31-0.43)° <0.001
RPA7/Ao 0.46 (0.38—0.50) 0.47 (0.40—0.51) 0.47 (0.42—0.56) 0.249
RPAqrs/Ao 0.34 (0.30-0.39)° 0.35 (0.30—0.41)2 0.42 (0.34-0.50)° <0.001
RPAD index 37.9 (33.7—44.7)2 38.1 (29.6—45.9)*P 34.1 (27—40.4)° 0.023
RPVD index 46.5 (38.5-55.0) 47.5 (33.8—55.5) 40.9 (35.3—47.9) 0.053

LA:Ao: left atrial-to-aortic ratio; LVIDDn: left ventricular internal diastolic diameter normalized; RPAD index: right pulmonary
artery distensibility index; RPAyax/Ao: right pulmonary artery measured at its maximum-to-aorta ratio; RPAyn/Ao: right pul-
monary artery measured at its minimum-to-aorta ratio; RPAqrs/Ao: right pulmonary artery measured at the peak of the QRS-to-
aorta ratio; RPAT/Ao: right pulmonary artery measured at the end of the T wave-to-aorta ratio; RPVD index: right pulmonary vein
distensibility index; RPVpax/Ao: right pulmonary vein measured at its maximum-to-aorta ratio; RPVyn/Ao: right pulmonary vein
measured at its minimum-to-aorta ratio; RPVqrs/Ao: right pulmonary vein measured at the peak of the QRS-to-aorta ratio;
RPVuax/RPAyax: right pulmonary vein-to-pulmonary artery ratio measured at their maximum; RPVyn/RPAyN: right pulmonary
vein-to-pulmonary artery ratio measured at their minimum; RPVqrs/RPAqgrs: right pulmonary vein-to-pulmonary artery ratio
measured at the peak of the QRS; RPV1/Ao: right pulmonary vein measured at the end of the T wave-to-aorta ratio; RPV+/RPA::

right pulmonary vein-to-pulmonary artery ratio measured at the end of the T wave.

2,b,¢ syperscript letters denote the statistical differences of the echocardiographic variables between the mitral valve disease
ACVIM stages. Variables with different letters are statistically different between groups (P<0.05).
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Ao was larger in group C than in groups B2 and B1
(P<0.001). We found no differences between
groups for RPA/Ao (P=0.25; Table 1).

An RPV{/Ao > 1.07 presented the highest
accuracy in discriminating between B2 and C with
an AUC of 0.79, a sensitivity of 83.1%, and a spe-
cificity of 71.1% (Table 2).

We included 30 dogs in the B2’ group and 45 in
the C’ group. Even though these two groups had
similar lower and upper limits, they nevertheless

differed in LA:Ao (P=0.001) and LA:Ao + LVIDDn
(P=0.005), although the groups largely overlapped
(Fig. 3). They also differed in several RPV and
RPA variables: RPV:/RPAr (P=0.019), RPV:/Ao
(P<0.001), right pulmonary vein measured at the
peak of the QRS-to-aorta ratio (P=0.001), right
pulmonary vein measured at its maximum-to-aorta
ratio (P=0.036), and right pulmonary vein meas-
ured at its minimum-to-aorta ratio (P=0.003)
(Fig. 3). Although the AUC for each of the

Table 2 Results of the receiver operating characteristic curve analysis of the cutoff of the different echo-
cardiographic indices associated with the presence of congestive heart failure in dogs with mitral valve disease

(group B2 vs. group C).

Variable Cutoff  AUC 95% Cl Sensitivity (%) 95% Cl Specificity (%) 95% Cl

LA:Ao >2.3 0.79  0.70-0.88 55.9 42.4—-68.8 92.0 78.6—98.3
RPVmax/RPApax 1.7 0.66  0.54-0.77 94.9 85.8—98.9 39.4 24.0—56.6
RPV+/RPA; 1.65 0.68  0.57-0.79 96.6 88.2—99.5 36.8 21.8—-54.0
RPVmax/Ao >1.05 0.76 0.66—086 89.8 79.1-96.1 60.5 43.3-75.9
RPVyn/Ao >0.55 0.78 0.67-0.87 86.4 75.0—-93.9 63.1 45.9-78.1
RPV+/Ao >1.07 0.79 0.68—0.88 83.1 71.0-91.5 711 55.1—84.5
RPVqrs/Ao >0.61 0.78  0.52-0.75 93.2 83.5-98.1 55.2 38.3-71.3
RPAqrs/Ao >0.41 0.69  0.58-0.79 50.8 37.5—64.1 81.5 65.6—92.2

95% Cl: 95% confidence interval; AUC: area under the receiver operating characteristic curve; LA:Ao: left atrial-to-aortic ratio;
RPAqrs/Ao: right pulmonary artery measured at the peak of the QRS-to-aorta ratio; RPVyax/Ao: right pulmonary vein measured at
its maximum-to-aorta ratio; RPVyax/RPAwax: right pulmonary vein-to-pulmonary artery ratio measured at their maximum; RPVyn/
Ao: right pulmonary vein measured at its minimum-to-aorta ratio; RPVqrs/Ao: right pulmonary vein measured at the peak of the
QRS-to-aorta ratio; RPVy/Ao: right pulmonary vein measured at the end of the T wave-to-aorta ratio; RPVy/RPAz: right pulmonary
vein-to-pulmonary artery ratio measured at the end of the T wave.
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Figure 3

Box and whisker plot for (A) left atrial-to-aortic ratio (LA:Ao), (B) left atrial-to-aortic ratio + left ven-

tricular internal diameter normalized (LA:Ao + LVIDDn), (C) right pulmonary vein-to-right pulmonary artery ratio
measured at the T wave (RPV1/RPAt), (D) right pulmonary vein measured at the T wave-to-aorta ratio (RPV+/Ao), (E)
right pulmonary vein measured at the QRS-to-the aorta ratio (RPVqgrs/A0), (F) maximum right pulmonary vein-to-aorta
ratio (RPVuwax/A0), (G) minimum right pulmonary vein-to-aorta ratio (RPVyn/A0), and (H) left ventricular internal
diameter normalized (LVIDDn) in groups B2’ and C’. Groups with a P<0.05 are different from each other. Boxes delimit
the 25th and 75th percentiles, whereas whiskers extend 1.5 times the interquartile range from the 25th and the 75th

percentiles.

echocardiographic variables approximated to 0.7,
the RPV and RPA variables consistently had higher
sensitivity but lower specificity than either LA:Ao
or LA:Ao + LVIDDn (Table 3). As with the overall
diagnostic performance analysis, RPV1/RPAr >1.65
displayed the highest sensitivity (97%) among the
different echocardiographic variables for discrim-
inating between the two groups, but with the
lowest specificity (36.8%). After combining RPV+/
RPAr and LA:Ao in series to identify dogs with CHF,
the sensitivity decreased to 77% but specificity

Table 3

increased to 77%, while combining RPV+/RPA; with
LA:Ao + LVIDDn in series decreased the sensitivity
to 90% and increased specificity to 59%.

After excluding 28 dogs with PH (one dog in the
B2 group and 27 dogs in the C group), results of
group comparisons (B2 vs. C) did not change from
those detailed earlier, with the exception of the
RPAgrs/Ao, which no longer differed between the
groups. The diagnostic accuracy of RPVy/RPAt
(cutoff 2.0, AUC: 0.71, sensitivity of 90.6%, and
specificity of 46.0%) and RPVyax/RPApax (cutoff

Results of the receiver operating characteristic curve analysis of the cutoff of the different echo-

cardiographic indices associated with the presence of congestive heart failure in dogs with mitral valve disease

(group B2’ vs. group C’).

Variable Cutoff  AUC 95% Cl Sensitivity (%) 95% Cl Specificity (%) 95% Cl
LA:Ao >2.35  0.69  0.58—0.82 46.6 31.6—62.1 90.0 73.4-97.8
LA:Ao + LVIDDn  >4.1  0.73  0.62—0.85 71.1 55.7—83.6 70.0 50.6—85.2
RPV/RPAT >1.65  0.66  0.53—0.79 97.8 88.2-99.9 36.6 19.9-56.1
RPVjax/A0 >1.0  0.70  0.57-0.83 88.9 75.9-96.2 60.0 40.6—77.3
RPV,yn/A0 ~0.55 0.70  0.57—0.84 84.4 70.5-93.5 56.7 37.4-74.5
RPV:/Ao >1.00 0.72  0.60—0.86 86.6 73.2-94.9 63.3 43.8-80.0
RPVgrs/Ao >0.62 0.71  0.58—0.85 91.1 73.2-94.9 56.6 40.6—77.3

95% Cl: 95% confidence interval; AUC: area under the receiver operating characteristic curve; LA:Ao: left atrial-to-aortic ratio;
LVIDDn: left ventricular internal diastolic diameter normalized; RPAqrs/Ao: right pulmonary artery measured at the peak of the
QRS-to-aorta ratio; RPVyax/Ao: right pulmonary vein measured at its maximum-to-aorta ratio; RPVy/Ao: right pulmonary vein
measured at its minimum-to-aorta ratio; RPVy/Ao: right pulmonary vein measured at the end of the T wave-to-aorta ratio; RPV+/
RPAt: right pulmonary vein-to-pulmonary artery ratio measured at the end of the T wave.
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1.7, AUC: 0.67, sensitivity of 100%, and specificity
of 35.1%) increase a little but not
substantially from a clinical point of view.

Discussion

Our results evidenced that all the echocardio-
graphic parameters obtained by indexing RPV to
RPA and RPV to Ao increase progressively as MMVD
severity increases. Differently to healthy dogs,
where the RPV/RPA ratio is approximately 1 and
this value is maintained both in diastole and sys-
tole [12], in MMVD dogs, the ratio is different
between diastole and systole. In particular, based
on our findings, the ratio tends to be higher if
measured at the T wave than if measured at the
QRS, secondary to the effect of the mitral valve
regurgitant jet during the systolic phase on the
RPV dimension.

Based on our results, indices calculated by the
ratio of RPV to RPA, in particular RPVy/RPA;f,
RPVuax/RPAyax identified MMVD patients in CHF
with a low diagnostic accuracy with AUCs of 0.68
and 0.66, respectively. This differs from the pre-
vious study conducted by Merveille et al. and Kim
et al., in which cutoff values of RPV+/RPAr>1.7 and
RPV+/RPAr>2.09, respectively, identified stage C
MMVD dogs with a high diagnostic accuracy. The
different results between our study and the pre-
vious ones can be due to a different sample pop-
ulation and a different classification of dogs with
MMVD. Previous studies used the International
Small Animal Cardiac Health Council or ACVIM
classification system, while our classification was
based on a modified ACVIM classification [6,15]. In
our study, LA enlargement was defined by having an
LA:Ao>1.7, instead of 1.6 used by Merveille et al.
and as defined by the ACVIM consensus [6]. Recent
studies about LA reference ranges demonstrated
that normal dogs can have a normal LA dimension
up to 1.7 [15,17]. Moreover, our study used a dif-
ferent exponent to normalize the left ventricular
internal diastolic dimension: 0.33 instead of 0.294.
The reason is because we want to include in stage
B2 dogs with truly increased LV dimension. Rishniw
et al. demonstrated that a cutoff of >1.7 for the
LVIDDn using an exponent of 0.294 identified >10%
of apparently healthy dogs as having an LV
enlargement. Another reason for the different
results between our study and the previous one [9]
might be due to different statistical approaches.
Merveille et al., in order to define the cutoff to
detect MMVD dogs with CHF, compared all asymp-
tomatic dogs with dogs displaying signs of CHF.
They included both dogs with and without left

heart enlargement in their asymptomatic group
(i.e. combined both ACVIM stage B1 and B2 dogs).
Conversely, in the asymptomatic group, we inclu-
ded only dogs with left heart enlargement (stage B2
dogs), in order to see if the RPV/RPA ratio can truly
help to identify the patient having CHF with
hemodynamically significant mitral valve regur-
gitation. Moreover, in both studies by Merveille
et al. and Kim et al., asymptomatic dogs had a
smaller median LA:Ao (1.61 and 1.72, respectively)
than dogs in our study (2.0). Finally, in our study,
dogs underwent echocardiographic examination
after stabilization with diuretics; therefore, we
cannot exclude the possibility that treatment could
influence vessel diameter and diagnostic accuracy
of RPV:RPA indices.

To better evaluate the true value of RPV/RPA
indices in detecting CHF dogs, we created two
subgroups with very similar LA:Ao and LVIDDn,
which we labeled B2’ and C’, based on summed
values of LA:Ao and LVIDDn. As expected, the
accuracy of the different RPV:RPA and RPV:Ao
variables in detecting CHF was further reduced
when comparing B2’ and C’ groups, demonstrating
that these echocardiographic indices increase in
CHF dogs but the accuracy in discriminating
symptomatic dogs with a similar degree of left
heart cardiomegaly is low.

Several reasons might help explain why the
RPV/RPA ratio presented a low accuracy in iden-
tifying MMVD with CHF: first, as for the LA, the RPV
starts to increase in diameter early in stage B2, as
a compensatory mechanism to volume overload in
order to maintain a low pressure inside the pul-
monary circulation; second, we can speculate that
the RPV might potentially increase before CHF,
especially when the regurgitant jet is directed into
the measured vein ostium; third, the effect of the
‘normalization’ of the ratio due to the increase of
RPA dimension in C group, which includes a higher
percentage of dogs with PH. Indeed, the RPA
dimension has been demonstrated to increase in
patients with PH both in dogs and in humans
[21—25]. Our results show that the RPA/Ao
increased with the worsening of MMVD. Moreover,
RPAqrs/A0 was significantly different between
asymptomatic and symptomatic dogs (B2 vs. C),
confirming that the prevalence of pulmonary
hypertension increased in C groups, likely secon-
dary to the transmission of the increased left
ventricular filling pressure to pulmonary capil-
laries. However, in our study, the exclusion of
dogs with PH does not substantially increase the
accuracy of RPV/RPA indices in detecting stage C
dogs. This is probably related to the fact that in
our sample population of MMVD dogs, which
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presumably have postcapillary PH, we do not have
an excessive RPA dilation that is able to sub-
stantially modify the clinical impact of the RPV/
RPA ratio.

In our study sample, the RPV/Ao indices helped
to identify dogs with CHF with a higher accuracy
than the RPV/RPA ratios. The increase of RPV/Ao
indices in MMVD dogs with CHF reflects the RPV
enlargement, which is due to pulmonary venous
congestion secondary to the increase in LA and LV
filling pressures [26—28]. As the MMVD progresses,
LA and pulmonary venous pressure and volume
increase, leading to an increase in RPV diameter
[9]. The higher diagnostic accuracy of RPV/Ao than
that of RPV/RPA indices is probably related to
the independence of the former from the RPA
enlargement in symptomatic dogs, where the
prevalence of pulmonary hypertension is higher,
suggesting its role in ‘normalizing’ the RPV/RPA
ratio.

Study limitations

This study has several limitations. We did
not examine interobserver and intra-observer vari-
ability between the different echocardiographers.
However, two previous studies investigating RPV/
RPA indices have demonstrated low variability
[9,12].

In this study, not all the echocardiographic
measurements recommended by ACVIM consensus
(e.g. right pulmonary artery distensibility index,
right atrium and right ventricle dimension and
function assessment) were used to diagnose PH, and
this might have reduced the ability to identify dogs
with PH [19]. However, the alteration of the echo-
cardiographic indices mentioned earlier is more
frequently observed in cases of precapillary and
combined PH, rather than in isolated postcapillary
PH, which may have been the predominant form in
our population of dogs with MMVD. Moreover, PH
was diagnosed based only on Doppler-derived TR
velocity and this may have misclassified some dogs
with and without PH. Indeed, studies have shown
poor correlation between echocardiographic esti-
mates and catheter-based PA pressures [29].
Moreover, PH was assumed to be postcapillary and
not precapillary due to the presence of LA
enlargement and a combined form of PH might be
possible in some patients due to the presence of
concomitant respiratory disease.

For what concerns the RPV echocardiographic
measurement to the authors’ experience, it is
possible that with the worsening of the disease,
the interatrial septum, dislodged toward the right

atrium, may have interfered with the M-mode
cursor and somehow altered the RPV M-mode
trace, resulting in an indefinable measuring error.
Moreover, authors were not blinded to the dogs’
stage assignment (B1, B2, and C) when they per-
formed the echocardiographic measurements, and
this may have modestly influenced the results of
the study.

Conclusion

The RPV/RPA ratio presented a low diagnostic
accuracy in discriminating between asymptomatic
and symptomatic MMVD dogs. However, RPV/Ao
indices, and in particular RPVy/Ao, presented a
higher diagnostic accuracy in identifying CHF in
dogs affected by MMVD, which, however, was not
superior to LA:Ao.
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